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In  studies  on  bacteriophage  the  r61e of oxygen  has  not  been 
thoroughly investigated,  d'H~relle has come to the conclusion that 
the presence or absence of oxygen has no effect upon the course of 
this phenomenon (1).  Later Gildemeister and Herzberg found that 
lysis does not depend upon the pressure of oxygen in a  culture con- 
taining a  low dilution of bacteriophage  (2).  On the other hand in a 
previous  communication by  the  author of this paper  it was  shown 
that a definite restriction in supply of oxygen is essential for regenera- 
tion  of certain  extreme  dilutions of lytic principle  (3).  In  view of 
these  contradictory findings  the  latter  observation  suggested  that 
oxygen plays a definite but masked r61e, which becomes evident only 
on creating unfavorable conditions, as may be the case when an ex- 
treme dilution is used. 
The object of this paper was to extend the author's above mentioned 
observations by determining the mechanism by which oxygen inter- 
feres with the bacteriophage phenomenon.  For this purpose studies 
were made of the following: 
I.  The influence  of oxygen  upon the behavior  of B. coli towards lyric principle. 
II. The direct influence  of oxygen  upon diluted and undiluted lytic principle. 
III. The relation of possible changes in the rate of growth of B. coli under re- 
stricted supply of oxygen  to regeneration  of highly diluted lytic principle. 
IV. The influence  of anaerobiosis  and aerobiosis upon absorption of lyric prin- 
ciple by a strain of B. coli susceptible to bacteriophage. 
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I. 
To  explain  the  author's  findings  on  the  relation  of  oxygen  to 
regeneration  of  highly  diluted  lytic  principle  it  was  assumed  that 
restriction in supply of oxygen may be able to create certain changes 
in  the bacterial  cell itself--probably by modifying in  some way the 
respiratory  function--which  changes  are  extremely  favorable  for 
regeneration of lytic principle. 
To prove this assumption experiments were undertaken in which it 
was  attempted  to induce changes in the behavior of B. coli towards 
lytic principle by preliminary cultivation in the presence or absence 
of oxygen and  then  to determine the characteristic features of such 
changes. 
In  view  of the  close  correlation  existing  between  the  respiratory 
function of the living cell and hydrogen ion concentration, anaerobic 
and aerobic cultures of B. coli were made in media of various pH. 
Methods. 
The work described in this paper was carried out on a strain of B. coli which 
was daily transplanted on agar slants.  In this way its high susceptibility to the 
anti-coli lytic principle employed in this laboratory was constantly preserved.  It 
is necessary to mention here that this strain was always self-agglutinable in broth 
cultures, but the sediment was easily broken up on slight shaking. 
To obtain anaerobic cultures the inoculum was seeded into broth previously 
autoclaved or boiled for 10 to 15 minutes and the cultures covered with a layer of 
sterile vaseline. 
Aerobic cultures were grown in flasks or large tubes in quantities of fluid which 
allowed a ratio of surface area exposed to oxygen to total volume of fluid of not 
less than 3.5. 
The lyric principle used in these experiments was the  same  that was used in 
work previously reported (3). 
For the determination of possible changes in behavior of the strain towards lytic 
principle,  observations on susceptibility to bacteriophage as well as on the bac- 
teriophage-regenerating  property were taken as criteria. 
Changes in susceptibility to bacteriophage were determined by the degree of 
lysis in broth culture containing a low dilution of lyric principle, 
Surface area  ratio =3.5) GREGORY  SHWARTZMAN  745 
and by the  clearness of the eaten  up area produced by a  drop of lytic principle 
deposited  on a  dry agar slant  previously seeded with  the microorganism to be 
tested. 
Changes  in  the  bacteriophage-regenerating  power of the microorganism were 
determined in a  more or less quantitative  manner by finding the highest dilution 
of lyric principle which a given amount of bacterial cells is capable of regenerating 
to its full strength. 
EXPEI~ IMENTAL. 
Anaerobic and aerobic cultures of B. coli each grown in meat infusion broth of 
pH 6.0,  7.0,  7.6,  8.4,  were incubated  for 24 hours and  then kept at room tem- 
perature for 2 days.  The behavior of these eight cultures towards lyric principle 
was tested. 
TABLE  I. 
Effect  of Cultivation  of B. coli in the Presence and Absence  of Oxygen upon Its 
Susceptibility  towards the  Lyric Principle as Demonstrated by the Degree 
(Surface area  3.5) 
of Lysis in Broth Cultures. \~-~  vol--u-~meratio = 
Source  of inocula. 
Degree of lysis in 1 cc. broth 
containing  0.02 cc. of 10  4 
of bacteriophage. 
Surface area. ratio  -  3.5) 
Total volume 
Aerobic 
culture. 
pH 6.0 
4+ 
AsKer- 
obic 
culture. 
pH6.0 
Aerobic 
culture. 
pH 7.0 
4+ 
A/l~er- 
obic 
culture. 
pH 7.0 
1+ 
Aerobic 
culture. 
pH 7.6 
1+ 
1 +  indicates slight lysis; 4 +  indicates complete lysxs. 
Anl~r- 
obic 
culture. 
pH 7.6 
4+ 
Aerobic  Anaer. 
culture,  obic 
pH 8.4  culture. 
pH 8.4  %--+-- 
4+ 
The Effect of Cultivation of B. coli under Aerobic and Anaerobic 
Conditions upon Its Susceptibility  to Lysis. 
Emulsions of equal turbidity were prepared from anaerobic and aerobic cultures 
of pH 6.0, 7.0,  7.6, 8.4, and 0.05 cc. of each was inoculated into 1 cc. of broth of 
pH 7.0 containing 00.2 co. of 10 -2 dilution of lyric principle 
Surface area  3.5). 
T-~  ~ol--d--mme  ratio  -- 
The reading of the degree of lysis obtained in 24 hours of incubation is recorded in 
Table I. 
Identical results were obtained by testing the resistance of aerobic 
and anaerobic cultures of various initial pH by depositing a  drop of ?46  P._EGENERATION OF BACTERIOPIIAGE.  II 
lyric principle on the surface of agar slant subcultures.  The results 
are shown in Table II. 
As is seen from Tables I  and II, the resistance of B. co/i  to lyric 
principle  is  a  property  which  can  be  induced  by  cultivating  this 
microorganism under anaerobic conditions at initial pH 7.0 or under 
aerobic conditions at initial pH 7.6.  At distinctly acid and  alkaline 
reactions the absence or presence of oxygen does not interfere with the 
behavior of B. coli towards bacteriophage. 
Effect of Cultivation of B. coli under Aerobic and Anaerobic Conditions 
upon Its Bacteriophage-Regenerating Property. 
The anaerobic and aerobic cultures of B. coli of various initial pFI prepared in 
the manner described above were each inoculated into a series of eight tubes con- 
7 0 (Surface area  )  raining  1  cc.  of  meat  infusion broth  of  pH  "  \~ol~me  ratio = 3.5 
/ 
Dilutions of lytic principle from  0.1 cc. ×  10 -1 up to 0.1 cc. X 10 -8 were made in 
each series  of eight tubes and aU the tubes incubated at 37  °.  In 24 hours the de- 
gree of lysis in each tube was noted.  All the tubes were then centrifuged, their 
supernatant fluid heated at 58  ° for ½  hour, and the lyric exponent of all  these 
samples determined by serial dilution in broth.  Table III represents the results 
obtained. 
As  is  seen  from  this  table  the  appearance  of  resistance  to  bac- 
teriophage under anaerobic conditions at pH  7.0 and under aerobic 
conditions at  pH  7.6  is  coincident with  a  considerable  loss  in  the 
regenerating power of these strains. 
Stability of Resistance Induced in the Presence and Absence of Oxygen. 
The object of experiments described below was to find out whether 
the changes in susceptibility imparted by cultivation of a susceprible 
strain  of B.  coli in  the presence  and  absence  of oxygen at  various 
initial pH can be transmitted to new generations of these strains pro- 
vided  the  original conditions as  imposed  on  the  parent  strains  be 
continued.  For  this  purpose  every  48  hours  all  the  aerobic  and 
anaerobic cultures were subcultured under conditions similar to those 
of the parent cultures for a  period of 40 days and the resistance to 
bacteriophage  of  every  series  of  subcultures  tested  in  the  manner 
described above.  In aU  these experiments exactly identical results 
were obtained as with the parent cultures. GREGORY  SHWARTZMAN  747 
TABLE  II. 
Effect of Cultivation  of B.  coli  in the Presence and Absence  of Oxygen  upon  Its 
Susceptibility  towards the Lyric Principle as Demonstrated  by the 
Appearance  of Eaten Up Areas. 
cultures used 
for inocula- 
tion of 
agar slants. 
Appear- 
ance of 
eaten up 
area on 
agar 
slants. 
Aerobic 
culture. 
pH 6.0 
Clear 
area. 
NO re- 
sist- 
ants. 
Anaerobic 
culture. 
pH 6.0 
Clear 
area. 
No re- 
sist- 
ants. 
Aerobic 
culture. 
pH 7.0 
Clear 
area. 
No re- 
sist- 
ants. 
Anaerobic 
culture. 
pH 7.0 
Indis- 
tinct 
area. 
Numer- 
ous 
resist- 
ants. 
Aerobic 
culture. 
pH 7.6 
Indis- 
tinct 
area 
Numel 
ous 
resist 
ants 
Anaerobic  Aerobic  I 
culture,  culture.  I 
pH 7.6  pH 8.4 
Clear  Clear 
area.  area. 
No re-  No re- 
sist-  sist- 
ants.  ants. 
Anaerobic 
culture. 
pH 8.4 
Clear 
area. 
No re- 
sist- 
ants. 
TABLE  III. 
Effect of Cultivation  of B. coli under Aerobic and Anaerobic  Conditions  at  Various 
Initial pH upon  Its Bacteriophage-Regenerating Power. 
Dilution of bacteriophage 
in 1 cc. of broth. 
Surface  area  "  =3.5) 
~--o-o-o-o-~%1~  rauo 
Source of inocula. 
10-~  10  ~ 
.%erobic culture pH6.0.  4+  8  4+  8 
~maerobicculturepH6.0.4+  8  44-  8 
.%erobic culture pH 7.0.  4+  8  44-  8 
~maerobicculmrepH7.0.14-  8  14-  8 
~erobic culture pH 7.6.  14-  8  14-  8 
~naerobic culture pH 7.6. 4+  8  44-  8 
~%erobic culture pH 8.4.  44-  8  44-  8 
~naerobie culture pH 8.4. 4+  8  4+  8 
10  -s  lq .4  1(-6  10--6  10-7  10-s 
d 
- 
o 
4+  8  4+ 
4+  8  4+ 
4+  8  4+ 
0  8  0 
0  8  0 
4+  8  4+ 
4+  8  4+ 
4+  8  4+ 
8  4+  8  4+  8  ;+  8  4+  8 
8  4+  8  4+  8  t+  8  4+  8 
8  44-  8  44-  8  !44-  8  44-  8 
80  00  00  00  0 
80  ;00  00  00  0 
8  4+  8  4+  8  4+ i 8  4+  8 
84+  84+  8  84+  8 
44- indicates complete lysis; ! 4- indicates slight lysis; 0 indicates no lysis. 748  REGENERATION  OF  BACTERIOPHAGE.  II 
Inability  of Lyric Principle  to Overcome the  Resistance  Created  under 
Aerobic and Anaerobic Conditions. 
To establish whether the lytic principle is able to adapt itself to the 
resistant  strains  so  as  to  gain  the  property  of  producing  lysis,  the 
following experiment was undertaken. 
Tubes  of  broth  containing  10 -~  dilution  of lyric principle  were  inoculated 
respectively with aerobic culture of pH 7.6 and with anaerobic culture of pH 7.0. 
In  24 hours of incubation  the cultures were  centrifuged,  and their supernatant 
fluid heated to 58  ° for ½  hour.  These samples were added to broth in dilution 10 -2 
and then the dilutions inoculated with 24 hour old subcultures of corresponding 
strains of B. coli.  This process of passage of lyric principle always through the 
same type of resistant  strain was repeated ten  times.  After each passage the 
ability of the newly regenerated lyric principle to produce lysis of aerobic and 
anaerobic resistant cultures was tested.  The results are shown in Table IV. 
TABLE  IV. 
Inability  of Lytic Principle to Overcome the Resistance Created under Aerobic 
Conditions at  pH  7.6  and  Anaerobic Conditions at  pH  7.0. 
Broth 1 cc. q- 0.1 cc. of 10-~ dilution of bacteriophage regenerated by aerobic culture pH 7.6 (passages 1-10). 
Degree of lysis of aerobic culture pH 7.6.  Degree of lysis of susceptible strain. 
o  4q- 
Broth 1 cc. -k 0.1 cc. of 10  -~ dilution of bacteriophage regenerated by anaerobic culture pH 7.0 (passages 1-10). 
Degree of lysis of anaerobic culture pH 7.0.  Degree of lysis of susceptible strain. 
0  4+ 
These results show the inability of the lytic principle to overcome the 
resistance of the aerobic and anaerobic resistant cultures. 
Identity of Action of Lyric Principles Regenerated  by Resistant Aerobic 
and Anaerobic Cultures. 
It was seen from the experiments on the bacteriophage-regenerating 
power of resistant  aerobic and  anaerobic  cultures  that  this power is 
retained to a  certain extent  (Table III).  It was therefore considered 
of interest  to investigate  whether  lytic principles identical in  action 
are  regenerated  by  both  aerobic  and  anaerobic  types  of  resistant GREGORY  SHWARTZMAN  749 
strains.  For  this  purpose  the  lyric  principles  mentioned  in  the 
previous experiment which were obtained after ten passages through 
aerobic cultures of pH 7.6 and anaerobic cultures of pH 7.0 were tested 
each against B. coli aerobic and anaerobic cultures of various  initial 
pH.  For control the lyric principle employed in this laboratory was 
similarly tested.  The results are recorded in Table V. 
This experiment shows clearly that the lyric principles regenerated 
at the expense of resistant aerobic and anaerobic cultures are identical 
in action with each other as well as with the stock lyric principle. 
The above described experiments show that oxygen plays a definite 
TABLE  V. 
Identity of Action of Lytic Principles Regenerated by Resistant Aerobic and Anaerobic 
Cultures. 
4+ 
4+ 
4+ 
Broth 1 cc.+0.1 cc. 10  J  dilution of bac- 
teriophage regenerated  by anaerobe, 
pH 7.0 (lOth passage). 
Broth 1 cc.+0.1 cc. lOJ dilution of bac- 
teriophage regenerated  by aerobe, 
pH. 7.6 (10th passage). 
Broth I  ce.-k0.1  cc.  10  -~ dilution  of 
stock bacteriophage. 
ii  iJ ,°  or! 
4+  0 
4+  0 
g lg. 
4+ 
4+  I 4+ 
4+  ] 4+ 
4+ 
4+ 
r61e in the bacteriophage phenomenon by influencing the behavior of 
B. cdi towards this principle. 
Since the object of this paper was to establish the r61e of oxygen in 
the  bacteriophage  phenomenon it  remained  to  determine whether 
any other rble can be attributed to this factor 
II. 
The direct influence of air and oxygen was studied by aerating for 
several hours or bubbling pure oxygen through diluted and undiluted 
sterile  lyric principle previously adjusted  to  various  hydrogen ion 
concentrations.  The lyric potency of aerated and oxygenated samples 750  REGENERATION  OF BACTERIOPHAGE.  II 
was then estimated by making serial dilutions in broth.  In no  case 
was any inactivation or weakening of lytic principle ever  observed 
under the influence of air or oxygen. 
III. 
In the author's previous paper on the regeneration of bacteriophage 
under partial anaerobiosis (3) it was reported that when the original 
inoculum  is  sufficiently  large  no  difference  between  the  rates  of 
bacterial growth under free and restricted supplies of air can be dis- 
covered.  Therefore, it was assumed in this paper that partial anaero- 
biosis does not favor regeneration of highly diluted lytic principle by 
modifying the  rate  of bacterial growth.  But further investigation 
of  this  point  was  desirable  since  there  is  an  appreciable  error  in 
counting viable microorganisms and, especially when, as in this case, 
a large number has to be counted. 
For the final study of this point our knowledge on the relation of the 
size of the original inoculum to the rate of growth (4) was made use 
of as in the following experiment. 
Samples of 5 cc. of broth containing highly diluted lytic principle (10  -9) were 
seeded in duplicate with various numbers of B. coli ranging from 10 up to  100 
million per cc.  One series of samples of broth was then poured into tubes of 100 by 
8 ram. in size and another into tubes of the size usually employed for bacterio- 
logical work. 
Since the size of the original inoculum varied considerably in this 
experiment all possible rates of growth differing in length of various 
phases and number of bacteria at each phase were obtained in both 
types of containers as was shown by bacterial counts.  However in 24 
hours of incubation no lysis occurred under free supply of air irrespec- 
tive of the rate of growth, but lysis invariably occurred under restricted 
supply of air.  It is evident, therefore, that the rate of bacterial growth 
has no relation whatsoever to regeneration of certain extreme dilutions 
of bacteriophage under restricted supply of air. 
IV. 
To  establish  whether  the  supply  of  air  has  any  influence upon 
absorption of lyric principle by susceptible bacterial cellshthe fol- 
lowing experiment was carried out. GREGORY  SEWARTZMAN  751 
24 hour old agar slant cultures of B. coli strain  susceptible  to bacteriophage 
were washed off with salt solution.  The emulsion was centrifuged and resuspended 
in 10 -5 broth dilution of lytic principle in order to obtain an emulsion correspond- 
ing in density to that of No. 5 tube of McFarland's nephelometer.  This emulsion 
was then distributed in 1 cc. quantities into a  series of tubes.  The fluid of one 
half of these tubes was covered with a layer of sterile vaseline.  All the tubes were 
kept at  -4 ° to  -8 ° for various intervals of time from 2 up to 24 hours.  After- 
wards the tubes were centrifuged, supernatant  fluid collected and heated at  58  ° 
for ½ hour, and the lytic potency of each sample determined by serial dilutions in 
broth. 
In no case was there observed any difference in the rate of absorp- 
tion of lytic principle under anaerobic and aerobic conditions. 
S~ARY  AND CONCLUSIONS. 
The investigations  of the influence of oxygen on the bacteriophage 
phenomenon  recorded in this  paper show that this  factor plays an 
important r61e  which is  due exclusively  to its  ability  to induce certain 
changes in the behavior of bacterial  cells  towards lytic  principle.  At 
certain H  ion concentrations both aerobic and anaerobic cultures can 
be made resistant  in the absence of lytic  prindple.  The resistance 
thus acquired is of a stable nature under suitable conditions.  If 
the lytic  principle  is added to aerobic or anaerobic types of resistant 
strains the cultures are able to regenerate  it to a certain extent. 
However they do not undergo any visible  lysis  themselves even under 
the action of lytic principles which  were  passed  through  several 
generations of these types.  The principles  regenerated by both types 
of resistant  cultures are identical  in action with each other as well as 
with the stock lytic  principle. 
These  experiments  suggest a  new method  of investigation into 
the hitherto unexplained  nature of resistance of  bacteria towards 
bacteriophage. 
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